Protein and lipid kinases are two important classes of biomedically relevant enzymes. The expression and activity of many kinases are known to be dysregulated in a variety of diseases, and proteomic tools that can assess the presence and activity of these enzymes are likely to be useful for their evaluation. Because many of the mechanisms by which protein kinases can become unregulated involve post-translational modifications or changes in protein localization, they can only be detected by examining protein activity, sometimes within the context of the living cell. Wortmannin is a steroidderived fungal metabolite that covalently inhibits both protein and lipid kinases. Here we describe the synthesis of three wortmannin derivatives, biotin-wortmannin, BODIPY-wortmannin, and tetramethylrhodaminewortmannin. We demonstrate that these reagents exhibit reactivity similarly as wortmannin and react with members of the phosphatidylinositol 3-kinase and PI3-kinase related kinase families in cellular lysates. Moreover, in some cases these reagents can differentiate between the active and inactive forms of the enzyme, indicating that they are activity-based probes. The reagents also exhibit complementary properties. The biotin-wortmannin reagent is effective in the isolation of labeled proteins; all three can be used for protein labeling, and BODIPY-wortmannin is cell-permeable and can be used to label proteins within cells.
In the post-genomic area, there has been increasing recognition of the need for reagents and tools that can analyze protein expression and activity in complex biological samples. Activitybased protein profiling (ABPP) 1 has emerged as a promising new approach that allows the simultaneous analysis of many proteins, frequently from a common enzymatic family, within the whole proteome (1) (2) (3) (4) . This approach relies upon the development of bifunctional chemical probes that act in a covalent and site-directed manner with some subset of the proteome and contain a second functional group for either visualization and/or isolation of the probe-labeled proteins. Among the probes that have been developed for ABPP are molecules that target the serine hydrolyases (1, 3, 5, 6) , cysteine proteases (7) (8) (9) , oxidoreductases (10, 11) , protein phosphatases (12) , and metalloproteases (13) . However, probes for many classes of enzymes remain to be identified.
Protein and lipid kinases are two important classes of biomedically relevant enzymes for which no cell-permeable ABPP probes exist. Because the expression and activity of many kinases are known to be dysregulated in a variety of diseases (14, 15) , proteomic tools that can assess the presence and activity of these enzymes are likely to be useful for their evaluation. Moreover, many of the mechanisms by which protein kinases can become unregulated involve post-translational modifications or changes in protein localization. Thus, these mechanisms can only be detected by examining protein activity, sometimes within the context of a living cell.
One important class of kinases involved in a variety of physiological and pathological processes related to cancer, inflammation, immunology, and cardiovascular disease is the phosphoinositide 3-kinase (PI 3-kinase) family (14) . Members of the PI 3-kinase family phosphorylate the 3Ј-hydroxyl position of the inositol head group of member phosphoinositides. Eight mammalian PI 3-kinases have been identified and categorized into three main classes (16) . Another related family of kinases is the phosphoinositide 3-kinase-related kinase (PIKK) family. Though related in sequence to the lipid kinases, these enzymes act as protein kinases and have no apparent lipid kinase activity (reviewed in Refs. 17 and 18) . In mammalian cells, members of this family include ATM, ATR, DNA-PKcs, mammalian target of rapamycin (mTOR), and SMG-1, and they function in many processes related to cellular stress responses including DNA damage checkpoints, double strand break repair, nutrient and growth factor sensing, and nonsense-mediated mRNA decay. Importantly, many of the PIKKs are also involved in physiological and pathological processes related to cancer, and the loss of at least one of these kinases, ATM, predisposes affected individuals to cancer (19, 20) .
Wortmannin is a fungal metabolite (21) that was originally identified as a potent and selective inhibitor of PI 3-kinase family members (22, 23) . A variety of recent studies have shown that wortmannin also inhibits members of the PIKK family, albeit with reduced potency (24) . Wortmannin reacts in an irreversible manner with a critical lysine residue in the kinase domain of the PI 3-kinases, and this lysine is conserved in the different PI 3-kinase and PIKK family members (25) . As an irreversible, covalent inhibitor with a number of targets, wortmannin is an ideal starting point for development of a new ABPP probe. Here we describe the synthesis and characterization of three derivatives of wortmannin, namely biotin-wortmannin, BODIPY-wortmannin, and TMR-wortmannin. All three wortmannin derivatives react with members of the PI 3-kinase and PIKK families in cellular lysates, and one, BODIPY-wortmannin, is also cell-permeable.
EXPERIMENTAL PROCEDURES
Reagents and Cell Lines-Wortmannin derivatives were stored at Ϫ20°C in Me 2 SO. Antibodies for ATM were a gift of Dr. Michael Kastan. Antibodies for DNA-PKcs (Serotec), FLAG (M5, Sigma), and N-Myc (Santa Cruz Biotechnology) are commercially available. ATR (26) and ATR-interacting protein (ATRIP) (27) antibodies have been described previously. Plasmids for expression of p110 and p85 were provided by Dr. Jonathan Backer (Albert Einstein College of Medicine). LY294002 and staurosporine were purchased from Sigma, and stock solutions were made in Me 2 SO.
Human embryonic kidney HEK293T cells were transfected with FuGENE (Roche Applied Science) according to the manufacturer's directions. HEK293T, NIH 3T3, MO59J, and MO59K cells were maintained in Dulbecco's modified Eagle's medium (Invitrogen) with 10% fetal bovine serum. pEBS7 and YZ5 cells lines were provided by Dr. Yosef Shiloh and maintained as described (28) .
Chemistry-Detailed experimental procedures for the preparation of wortmannin derivatives are provided in supplemental material available in the on-line version of this article. Wortmannin was obtained from Fermentek (Jerusalem, Israel).
Preparation and Labeling of Cell Lysates-Nuclear lysates were prepared as described using HeLa cell pellets from the National Cell Culture Center (27) . When whole cell lysates were prepared, cells were washed with PBS and then scraped into 1 ml of PBS with 0.5 mM EDTA and transferred to a microfuge tube. Cells were washed again with PBS before flash freezing or lysis. Cells were lysed in TGN (50 mM Tris, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Tween, and 0.2% Nonidet P-40) or MIPP buffer (20 mM NaH 2 PO 4, pH 7.2, 150 mM NaCl, 0.4% Nonidet P-40, and 5% glycerol) with phosphatase inhibitors (50 mM ␤-glycerophosphate, 1 mM NaF, and 1 mM Na 3 VO 4 ) and protease inhibitors (10 g/ml leupeptin and pepstatin and 0.1 mg/ml phenylmethylsulfonyl fluoride) unless otherwise indicated. Cell lysates were adjusted to 2 mg/ml before the addition of wortmannin derivatives. After labeling, lysates were quenched by the addition of one-sixth volume of 6ϫ sample buffer (made without bromphenol blue when used for fluorescent detection) and boiled.
Kinase Assays-Kinase reactions were performed on FLAG-ATR precipitates prepared as described (29) . Kinase reactions contained GST-RAD17 (1.5 g) in 27.5 l of kinase buffer (10 mM HEPES, pH 7.5, 50 mM NaCl, 10 mM MgCl 2 , and 10 mM MnCl 2 ) with 1 l (10 Ci) of [␥-32 P]ATP and 50 M cold ATP. Reactions were incubated for 15 min at 30°C and then stopped by the addition of 10 l of 6ϫ SDS sample buffer and heating for 8 min at 95°C. GST-Rad17 SQ2 was prepared as described (30) . Incubation with wortmannin/wortmannin derivatives was carried out in kinase buffer without ATP for 15 min at 30°C.
For DNA-PK kinase reactions, purified DNA-PK (100 units/l, 0.5 l; Promega) was incubated in a total volume of 30 l containing 2 l of EcoR1-digested plasmid (100 ng/l), 18.5 l of buffer B (25 mM HEPES-KOH, pH 7.5, 12.5 mM MgCl 2 , 20% glycerol, 0.1% Nonidet P-40, 1 mM EDTA, and 50 mM KCl), 7.5 l of H 2 O, and wortmannin/wortmannin derivative for 10 min at 22°C. To this mixture was then added 0.3 l [␥-
32 P]ATP, 0.8 l of 10 mM ATP, 4 l of buffer A (13 mM spermidine and 4 mM MgCl 2 ), 3 l of buffer B, and 2 g of GST-p53-(1-101) (2 g/l) prepared as described (29) . The mixture was incubated for 15 min at 30°C and then stopped by the addition of 10 l of 6ϫ SDS sample buffer and heating for 8 min at 95°C.
In Vivo Labeling of Cells-For competition experiments, cells were first incubated with wortmannin (30 M) for 15 min. BODIPY-wortmannin was then added to the medium to 10 M, and cells were incubated for another 30 min. After labeling, the medium was removed and cells were washed 2 times with PBS, scraped into 1 ml of PBS with 0.5 mM EDTA, transferred to a microfuge tube, and washed twice more with PBS before lysis.
Visualization of Wortmannin Derivatives
Biotin-Wortmannin-Before labeling with biotin-wortmannin, samples were precleared by incubating with streptavidin-Sepharose beads (60 l of 2 mg/ml lysate to 20 l of streptavidin-Sepharose; Amersham Biosciences) to reduce nonspecific binding to biotin. After biotin-wortmannin labeling, samples were run on 6% acrylamide gels and blotted to a PVDF membrane. The membrane was blocked by incubation in TBST (10 mM Tris, pH 7.5, 150 mM NaCl, and 0.05% Tween 20) with 5% nonfat milk for 1 h at room temperature, and the membrane was then washed four times for 5 min each in TBST. Streptavidin-HRP (1 mg/ml stock in PBS; Molecular Probes) was added at 1:2000 in TBST, and the blot was incubated for 1 h at room temperature. The blot was washed 4 ϫ 10 min in TBST and then developed with ECL Plus (Amersham Biosciences).
TMR-Wortmannin-After labeling and quenching, samples were run on an acrylamide gel. After electrophoresis, the gel, still sandwiched between glass plates, was scanned on an Amersham Biosciences Typhoon PhosphorImager at an excitation of 532 nm, and emission was detected using a 580-nm BP30 filter.
BODIPY-Wortmannin-Samples were run in the same manner as for TMR-wortmannin, except that the gel was scanned at an excitation of 488 nm and emission was detected using a 520-nm BP40 filter.
RESULTS

Synthesis of Biotin-, BODIPY-, and TMR-Wortmannin
Derivatives-Structure-activity studies of wortmannin derivatives have revealed that, although the acylation of the C11 hydroxyl group appears to be important for activity, there is considerable flexibility in the size of the ester substituent that can be accommodated at this position (31) . Based on these studies, we treated wortmannin with diethylamine, which resulted in rapid opening of the furan ring followed by deacetylation of the C11 acetate functional group. Subsequent treatment with hydrochloric acid reformed the furan ring producing 11-O-deacetylwortmannin in high yield. This compound was acylated with a biotin derivative to produce biotin-wortmannin, in which the two compounds are linked by a short polyethylene glycol-derived linker (Fig. 1) . As a control compound we prepared the methyl ester of the biotin derivative. Treatment of deacetylwortmannin with a BODIPY-derived carboxylic acid and a coupling reagent produced BODIPY-wortmannin with fluorescent properties similar to those of fluorescein. Finally, deacetylwortmannin was acylated with t-butoxycarbonyl-protected aminovaleric acid. Removal of the t-butoxycarbonyl group revealed a primary amine, which was directly acylated using an N-hydroxysuccinimide ester derivative of tetramethylrhodamine to produce TMR-wortmannin.
Biotin-Wortmannin Inhibits ATR and DNA-PK Kinase Activity-Wortmannin is known to inhibit members of the PI 3-kinase and PIKK families. To determine whether our biotinwortmannin reagent could inhibit these kinases, we performed in vitro kinase assays with two of these kinases. DNA-PK is a member of the PIKK family that is activated by doublestranded DNA ends and can phosphorylate a number of different proteins in vitro (17, 32) . We tested the ability of biotinwortmannin to inhibit purified DNA-PK in vitro using GST-p53 as a substrate ( Fig. 2A) . The phosphorylation of p53, which led to a decrease in the mobility of this protein by SDS-PAGE, was monitored by incorporation of [␥-
32 P]ATP. Upon the addition of increasing concentrations of biotin-wortmannin, we observed decreased phosphorylation of p53 with significant inhibition at biotin-wortmannin concentrations of 1-2 M. Detection of biotin-wortmannin-labeled DNA-PKcs using streptavidin-HRP was first observed at 1 M and increased as the concentration of biotin-wortmannin increased. These results indicate that biotin-wortmannin inhibits DNA-PKcs kinase activity in vitro and further suggest that the interaction between biotin-wortmannin and DNA-PKcs is covalent.
We also tested the ability of our biotin-wortmannin reagent to inhibit the kinase activity of ATR, another member of the PIKK family (Fig. 2B) . In this case, HEK293T cells were transfected with FLAG-tagged ATR, and FLAG proteins were precipitated with an antibody to the FLAG epitope. GST-Rad17 was then added to each sample as the substrate, and the incorporation of [␥-
32 P]ATP was monitored by autoradiography. The GST-Rad17 phosphorylation signal decreased significantly starting at biotin-wortmannin concentrations of 20 -35 M. Labeling of ATR was first observed at 10 M and increased with increasing concentrations of biotin-wortmannin.
The reactivity of biotin-wortmannin was compared with the reactivity of wortmannin by determining the inhibitory concentration (50%) (IC 50 ) of each compound for DNA-PKcs and ATR with these assays (data not shown). Three to four experiments were carried out for each condition in which the substrate phosphorylation was quantified. For the ATR kinase assay, these values were corrected for equal ATR expression by taking the anti-FLAG Western signal as a reference. Analysis of the resulting data indicates that biotin-wortmannin is less potent than wortmannin for both ATR and DNA-PKcs. Under the conditions of these experiments, the IC 50 of wortmannin for ATR was 1.8 M, whereas the IC 50 for biotin-wortmannin was 10.8 M. For DNA-PKcs, an IC 50 of 0.14 M was observed for wortmannin and an IC 50 of 1.15 M was observed for biotinwortmannin. This observation indicates that the conjugation of wortmannin to biotin resulted in a 6-to 8-fold decrease in its potency.
Identification and Isolation of Wortmannin-sensitive Kinases with Biotin-Wortmannin-One application for use of the biotinwortmannin reagent is in the isolation and identification of wortmannin-labeled proteins. To determine whether our biotin-wortmannin reagent could be used as an affinity reagent, we examined its ability to precipitate known wortmannin targets at concentrations ranging from 0.5 to 50 M after incubation with streptavidin-Sepharose. Because of our interest in members of the PIKK family and their predominant localization to the nucleus, we used nuclear extracts for these experiments and tested for the presence of these family members in pull-down experiments. We found that ATM, ATR, and DNAPKcs, three members of the PIKK family, were present in the biotin-wortmannin precipitates but not in precipitates pre-FIG. 1. Synthesis and structures of wortmannin derivatives. C11-deacetylwortmannin was prepared based on a procedure described in (31).
FIG. 2.
Inhibition of ATR and DNA-PK kinase activity with biotin-wortmannin. A, kinase assays were performed using purified DNA-PK, GST-p53-(1-101), and [␥-
32 P]ATP in the presence of the indicated amount of biotin-wortmannin (B-W). Phosphorylation of GSTp53 was monitored by autoradiography. Labeling of DNA-PKcs by biotin-wortmannin was monitored by blotting with streptavidin-HRP after SDS-PAGE and the transfer of proteins to a PVDF membrane. B, 293T cells transiently expressing FLAG-ATR were lysed, and FLAG-tagged proteins were precipitated using an anti-FLAG antibody. Immunoprecipitates were incubated with the indicated concentrations of biotinwortmannin (B-W), and a kinase assay was then performed with [␥-32 P]ATP using GST-Rad17 as substrate. Phosphorylation of GSTRad17 was monitored by autoradiography. Labeling of ATR by biotinwortmannin was monitored by blotting with streptavidin-HRP after SDS-PAGE and the transfer of proteins to a PVDF membrane. ATR loading was monitored by a Western blot with the FLAG antibody. pared using the biotin control compound (Fig. 3A) . DNA-PKcs was observed in precipitates prepared from extracts treated with 0.5 M biotin-wortmannin at 4°C, whereas ATM was first observed in precipitates after treatment with 2 M biotin-wortmannin reagent. ATR was only detected in precipitates obtained from extracts treated with 10 M biotin-wortmannin, and, for efficient precipitation of ATR, incubation at 30°C was necessary. This reactivity correlates with the known sensitivity of these kinases to wortmannin (24) .
To determine whether this labeling occurred in a specific manner, we tested the ability of several agents to compete with biotin-wortmannin for the target proteins. To do so, a HeLa cell nuclear extract was incubated with either 150 M wortmannin or 1 mM ATP prior to treatment with biotin-wortmannin (30 M) and subsequent precipitation with streptavidin-Sepharose. The precipitated proteins were then analyzed by Western blot with antibodies to either DNA-PKcs or ATM. As shown in Fig.  3B , incubation of lysates with wortmannin before the addition of biotin-wortmannin significantly reduced the efficiency with which ATM and DNA-PKcs were precipitated. Prior denaturation by incubation at 95°C also prevented the precipitation reaction, as no ATM or DNA-PKcs was detected in the precipitates. These results suggest that ATM and DNA-PKcs are specifically labeled by the biotin-wortmannin compound. As heat treatment also prevents biotin-wortmannin-mediated precipitation, we hypothesize that proper folding of the proteins is necessary for its specific reaction with the biotin-wortmannin compound. This hypothesis is consistent with data suggesting that biotin-wortmannin reacts with a specific lysine in the catalytic site of sensitive kinases (25) .
TMR-Wortmannin Targets DNA-PKcs and p110 -Another potential use for our labeled wortmannin derivatives is the labeling of complex mixtures of proteins in cellular extracts. To determine whether this was feasible with the TMR-wortmannin derivative, we first tested the ability of TMR-wortmannin to label protein in two cell lines derived from the same tumor, one lacking DNA-PKcs (MO59J) and another containing this protein (MO59K) (33) . As shown in Fig. 4A , incubation of TMRwortmannin with whole cell extracts prepared from MO59K cells for 5 min at 25 nM led to labeling of a high molecular mass protein as well as several lower molecular mass proteins ranging between 95 and 110 kDa. However, in lysates prepared from MO59J cells incubated under the same conditions, no labeling of the high molecular mass band was observed. This observation strongly suggests that the high molecular mass protein is the 450-kDa catalytic subunit of DNA-PK.
The four lower molecular mass proteins observed upon the incubation of TMR-wortmannin with this whole cell lysate were of the size expected for members of the PI 3-kinase family of lipid kinases. Members of this family are potently inhibited by wortmannin, and labeling of these three/four bands could be blocked by prior incubation with low concentrations of wortmannin (data not shown; see also Fig . 5B), suggesting they might be members of this family. To directly determine whether the p110 protein could be labeled by wortmannin in cell lysates, we transfected cells with an expression vector for Myc-tagged p110␣ either alone or together with a vector for hemagglutinin-tagged p85, the regulatory subunit of p110 known to be necessary for stabilization of the p110 protein in cells (34) . We found that TMR-wortmannin labeling of a 110-kDa protein was dramatically increased upon the expression of both p110 and p85 and that this labeling correlated with the expression of Myc-tagged p110 (Fig. 4B ). This finding indicates that the catalytic subunit of PI 3-kinase is labeled by TMRwortmannin in cells and suggests that the bands observed at p110 in untransfected cells are members of this family of lipid kinases.
Profiling Protein Kinases with Fluorescent Wortmannin Probes-To test the ability of BODIPY-wortmannin and TMRwortmannin to resolve activity and expression patterns between different cell types, we compared the profiles of wortmannin-labeled proteins from extracts of several different cell lines using a low concentration (100 nM) of each probe (Fig. 5A) .
FIG. 3. Isolation of PIKK family members with biotin-wortmannin.
A, biotin-control (B-C) or biotin-wortmannin (B-W) was mixed with nuclear extract (2 mg/ml) for 15 min at 30°C at the indicated concentrations and then purified with streptavidin-Sepharose beads. Bound proteins were eluted with SDS sample buffer and then separated by SDS-PAGE, transferred to a PVDF membrane, and probed with antibodies to the PIKK kinases ATR, ATM, and DNA-PKcs as indicated. B, nuclear extract (NE; 2 mg/ml) was mixed with biotin-wortmannin (B-W; 30 M for 15 min at 30°C) after pretreatment of the extract with ATP (1 mM), wortmannin (W; 150 M), or heat denaturation (H; 95°C for 10 min). Biotinylated proteins were isolated with streptavidin-agarose beads and analyzed as described for panel A.
FIG. 4. Identification of TMR-wortmannin-reactive proteins.
A, cell lysates (2 mg/ml) from MO59J and MO59K cells were incubated with TMR-wortmannin (25 nM) for 5 min at 22°C, separated by SDS-PAGE (6%), and scanned on the PhosphorImager using an excitation wavelength of 532 nm. Emission was detected using a 580-nm BP30 filter. B, 293T cells were left untransfected or transfected with the catalytic subunit of PI 3-kinase (Nmyc-p110) or with the catalytic and regulatory subunits of PI 3-kinase (Nmyc-p110 and HA-p85). Cell lysates were incubated with TMR-wortmannin as described for panel A, separated by SDS-PAGE (8%), and scanned on the PhosphorImager as described for panel A. The gel was also blotted to a PVDF membrane and probed with anti-Myc antibody to confirm the expression of N-Myc p110.
Although most of the proteins showed similar patterns of expression within this limited group of cell lines, some differences were noted. The 450-kDa protein identified as DNA-PKcs was expressed in all of the human cell lines studied with the exception of the MO59J cells, which are known to lack this protein. However, little labeling of DNA-PKcs was observed in the mouse 3T3 cell line, suggesting that mouse cells express low levels of this protein. Another protein of 60 -65 kDa was found in all of the human cell lines examined, but no labeling of this protein was apparent in 3T3 cells. Labeling of the putative PI 3-kinase family members (see 90 -120 kDa range in Fig. 5 ) varied widely, suggesting that either expression levels or reactivity of these kinases is different in the various lines examined. In this context, a high molecular mass band of ϳ220 kDa was specifically labeled in 293T cells with TMR-wortmannin. Finally, an unknown protein with a mobility slightly faster than that of DNA-PKcs was also observed in all of the cell lines treated with TMR-wortmannin. Interestingly, however, this protein was not labeled by the BODIPY-wortmannin reagent, suggesting that the fluorescent label might impart some differences to the specificity of the reagent.
To examine the specificity of labeling with these reagents, we preincubated lysates with wortmannin prior to incubation with the labeled wortmannin derivative. As shown in Fig. 5B , a subset of the proteins labeled by BODIPY-wortmannin and TMR-wortmannin at 1 M was not labeled when extracts were pretreated with an excess of wortmannin. Notably, most of the bands that disappeared when wortmannin was used as a competitor were also found to be labeled when a lower concentration (100 nM) of the fluorescent wortmannin derivatives was used as shown in Fig. 5A . As additional controls, we also determined the effect of staurosporine and LY294002 on the labeling of the PI 3-kinase family members (Fig. 5C ). Staurosporine is a nonspecific kinase inhibitor, and LY294002 is a non-covalent inhibitor of lipid kinases; both have been shown to bind in the same site as wortmannin (35) . Consistent with these structural studies, we found that LY294002 prevented labeling with TMR-wortmannin. Staurosporine also reduced labeling by TMR-wortmannin, albeit weakly, consistent with its lower affinity. These observations indicate that our wortmannin derivatives act in the active site of protein and lipid kinases. Taken together, they also indicate that the fluorescent probes will be useful for profiling the expression of a number of different lipid and protein kinases in cell extracts.
BODIPY-Wortmannin Is Cell Permeable-Optimal use of these wortmannin probes would allow for labeling of proteins within cells. To test the possibility that either TMR-wortmannin or BODIPY-wortmannin could be used for such experiments, we incubated cells with either 10 M TMR-wortmannin or 10 M BODIPY-wortmannin for 30 min and prepared cell lysates from the cells after washing. In both cases, a parallel set of samples was preincubated with wortmannin prior to the addition of the labeled probe to determine the specificity of labeling. We found that a number of proteins were labeled in cells treated with the BODIPY-wortmannin, though little labeling was observed in cells treated with TMR-wortmannin FIG. 5. Activity-based protein profiling with fluorescent wortmannin derivatives. A, whole cell lysates (2 mg/ml) prepared from the indicated cell lines were incubated with 0.1 M BODIPY-wortmannin (BODIPY-Wm; left) or TMR-wortmannin (TMR-Wm; right) for 30 min at room temperature. 50 g of each sample was run on SDS-PAGE (8%), and the gel was then scanned on the PhosphorImager using an excitation wavelength of 488 nm (left) or 532 nm (right). Emission was detected using a 520-nm BP40 filter for BODIPY-wortmannin (left) and a 580-nm BP30 filter for TMR-wortmannin detection (right). Asterisks indicate proteins that are discussed under "Results." B, whole cell lysates prepared from YZ5 cells were incubated with or without wortmannin (30 M for 15 min) before being labeled with BODIPY-wortmannin (BODIPY-Wm) or TMR-wortmannin (TMR-Wm) (1 M) and analyzed as described for panel A. Asterisks indicate proteins for which labeling is competed with wortmannin. C, whole cell lysates prepared from YZ5 cells were incubated with wortmannin (Wm; 0.1 M), LY294002 (25 M), or staurosporine (200 M) for 15 min at room temperature. TMR-wortmannin (TMR-Wm; 0.1 M) was then added, and lysates were incubated for another 15 min. Samples were analyzed as described for panel A. The scan is cropped for analysis of PI 3-kinase family members only. (Fig. 6) . Moreover, labeling of several proteins in cells treated with BODIPY-wortmannin was blocked by preincubation of the cells with wortmannin, indicating that the labeling was specific in these cases. Among the proteins specifically labeled in cells are DNA-PKcs, at least one of the PI 3-kinase family members, two proteins between 250 and 450 kDa, and a protein of 60 -70 kDa.
Phosphatase Treatment Affects DNA-PKcs Labeling-Protein phosphorylation is known to regulate the activity of many kinases, and we reasoned that changes in kinase phosphorylation status might affect the ability of some kinases to react with the wortmannin probes. To test this idea, we examined the reactivity of biotin-wortmannin in lysates prepared in the presence and absence of phosphatase inhibitors. Interestingly, we found that biotin-wortmannin reproducibly labeled DNAPKcs to a more significant extent in the presence of phosphatase inhibitors (Fig. 7) . At least one other protein of ϳ65 kDa was also differentially labeled in the presence or absence of phosphatase inhibitors. These observations suggest that the reactivity of these two proteins with wortmannin may be affected by their phosphorylation state.
DISCUSSION
In this work, we report the synthesis and characterization of three new wortmannin derivatives that are linked via a watersoluble polyethylene glycol linker to biotin or to the fluorescent probes BODIPY or TMR. With these compounds, it is now possible to specifically profile members of the PI 3-kinase and PIKK families as a whole or in groups by varying parameters such as inhibitor concentration. Members of these protein and lipid kinase families play roles in important cellular processes such as signal transduction, cell cycle regulation, and DNA repair. These wortmannin derivatives allow isolation of the modified proteins, efficient detection, and labeling of wortmannin-sensitive proteins within the cell. Thus, these derivatives should be useful reagents for ABPP.
In vitro, the biotin-wortmannin probe appears to have a similar reactivity profile to wortmannin as determined using an anti-wortmannin antibody (data not shown), and the other two probes, BODIPY-wortmannin and TMR-wortmannin, exhibit similar reactivity. Furthermore, because the kinase activity of at least two members of the PIKK family can be inhibited with biotin-wortmannin and the labeling of several proteins can be blocked by prior incubation with wortmannin, it seems likely that these new probes react like wortmannin, with the lysine corresponding to Lys-802 (p110␣ numbering) in the active site of each kinase. These observations also suggest that attachment of the linker and different reporters (i.e. biotin, BODIPY and TMR) has minimal effect on probe specificity, although some differences were noted. However, the potency of the biotin-wortmannin compound is slightly reduced relative to that of wortmannin. A comparison of the IC 50 s for wortmannin and biotin-wortmannin for ATR and DNA-PKcs showed a 6-and 8-fold reduction in reactivity, respectively. This decrease is not surprising, as previous groups have shown a 4-fold decrease in activity for 11-O-desacetylwortmannin (31) . In this context, it should be noted that some known wortmannin-sensitive kinases were not detectable under our conditions. For example, ATM and ATR were not readily detected under these conditions in whole cell lysates. This could be due to the low abundance of these proteins, their lower reactivity toward wortmannin, or both. In any case, it is likely that enrichment of certain fractions or use of a liquid chromatography-mass spectroscopy system for ABPP would address this limitation (36) .
One important consideration involves the use of these compounds as profiling agents either in cells or in lysates. We have shown that BODIPY-wortmannin is cell-permeable, whereas TMR-wortmannin and biotin-wortmannin are only useful for lysates ( Fig. 6 and data association with other proteins. This, in turn, may influence the reactivity of these proteins with the wortmannin probes. Thus, the ability to label proteins with BODIPY-wortmannin within a cell provides a potentially powerful tool for examining the biological activity of wortmannin-sensitive kinases within their native environment.
Our data suggest that these wortmannin probes can be used to monitor differences in the activation state of at least some of the proteins targeted. Although we saw no difference in the reactivity of P13-kinase family members with TMR-wortmannin in either starved or platelet-derived growth factor-stimulated cells (data not shown), we did see a modest but reproducible effect of phosphatase inhibitors on the labeling of DNAPKcs with biotin-wortmannin. This suggests that the sensitivity of DNA-PKcs toward wortmannin is influenced by its phosphorylation state and is consistent with experiments that demonstrate the regulation of DNA-PKcs by phosphorylation (37, 38) . Moreover, as our work was being written up, another group reported the synthesis of a related wortmanninderived activity-based probe and showed that it inhibited Pololike kinase (PLK) in an activity-dependent manner (39) . It is likely that PLK is the 65-kDa protein observed in our samples that was labeled both in lysates and cells. Our probes are complementary to the TMR-derived probe described by Liu et al. (39) , and we anticipate that the cell-permeable nature of our BODIPY probe will be particularly useful.
Although the full scope of these probes' utility in profiling kinase activity is not yet clear, what is clear is that these probes will be useful for proteomic studies designed to profile protein levels and to identify new wortmannin-sensitive targets in mammalian cells and other species. The TMR-wortmannin probe was clearly superior to the biotinylated probe for the profiling studies. It was significantly more sensitive than both the BODIPY-wortmannin and biotin-wortmannin probes (data not shown) and, unlike the biotin-wortmannin probe, did not require pre-clearing of lysates to remove proteins that bind to streptavidin. However, the biotinylated derivative is useful for protein isolation. Although several of the proteins labeled in our lysates were readily identified, some were not, and the biotinylated derivative should be useful in isolation and characterization of these proteins.
In summary, we have shown that three wortmannin-derived, activity-based probes can be useful for profiling kinases both in lysates and living cells. These probes have complementary properties that should allow exploration and identification of wortmannin-sensitive kinases and their biological activity both in cell lysates and in their native environment of the cell.
